Purpose We aimed to evaluate the prognostic values of radiography, F-18 FDG PET, and I-131 whole body scans in patients with lung-only metastasis from differentiated thyroid carcinoma (DTC). Methods Between 1998 and 2013, we included 31 patients (F: 26, M: 5) with lung-only metastasis from DTC who had been treated with I-131 and underwent PET. Lung metastasis was categorized according to the size (macronodular ≥1.0 cm vs. micronodular <1.0 cm), FDG avidity (avid vs. non-avid), and I-131 avidity (avid vs. non-avid). Progression-free survival (PFS) was evaluated for each patient. Results Among 31 patients, seven (23%) had macronodular lung metastasis, 26 (84%) had FDG avid lung metastasis, and 16 (52%) had I-131 avid lung metastasis. During the median follow-up period of 9.4 y, median PFS was 6.1 y. Based on Kaplan-Meier analysis, macronodular lung metastasis (p = 0.017) and I-131 non-avid lung metastasis (p = 0.059) were significantly associated with worse outcomes, but FDG avid lung metastasis was not (p = 0.135). Patients with FDG non-avid lung metastasis did not experience disease progression during follow-up, while 11 of 26 patients (42%) experienced disease progression. Based on univariate analysis, the hazard ratio for a poor prognosis was 3.78 (p = 0.029) for macronodular lung metastasis and 3.29 (p = 0.079) for I-131 non-avid lung metastasis.
Introduction
Papillary and follicular carcinomas of the thyroid gland, often referred together as differentiated thyroid carcinoma (DTC), are one of the most curable cancers and are associated with a favorable prognosis. However, 4-23% of patients with DTC experience distant metastases and lung and bone are common sites of distant metastasis [1] [2] [3] . It has been reported that lung plus bone metastasis from DTC is associated with a poorer prognosis than lung-only metastasis from DTC [2, 4] . Although high active I-131 treatment is the main therapeutic modality for metastasis with DTC patients, two-thirds of such patients eventually become refractory to I-131 treatment [4] . Among these, those who did not show iodine uptake in the whole body scan after I-131 treatment had a poor prognosis, and their 10-year survival rate was only around 10% [2, 4] .
Alternative therapies have been tried in cases of I-131 refractory DTC. For example, retinoic acid for redifferentiation and sorafenib for targeted therapy are being investigated. To determine the use of these alternative therapies instead of I-131 treatment, prognostic factors for patients with lung-only metastasis need to be identified. Several previous studies have shown that prognostic factors for the survival of distant metastasis from DTC include the size of the metastatic lesions [5, 6] and I-131 avidity [6] [7] [8] . F-18 FDG-PET and F-18 FDG-PET/CT have been widely used for staging, response assessment, and monitoring for many types of cancers since the 1990s. Thyroid cancer with high F-18 FDG uptake is known to be less I-131 avid and therefore relatively refractory to I-131 treatment [9] . However, Pitoia et al. reported that the lesion size, F-18 FDG avidity, and I-131 avidity was associated with prognosis in a small number of patients (n = 24) with lung-only metastasis from DTC, but overall survival was evaluated within a relatively short follow-up period (5 years or more) [10] . Otherwise, there has been no report on the longterm prognostic values of these imaging features in lung-only metastasis from DTC.
The aim of this study was to investigate the prognostic values of imaging parameters representing lesion size, I-131 avidity and F-18 FDG avidity of metastatic lung nodules in lung-only metastasis from DTC.
Materials and Methods

Patients
We retrospectively reviewed our institutional data of 9235 patients with thyroid carcinoma (International Classification of Diseases code C73) between 1998 and 2013. The inclusion criteria are as follows: 1) patients who were treated with total thyroidectomy following high dose I-131 (≥ 100 mCi), 2) a lung metastasis was diagnosed before or after I-131 treatment, 3) chest X-ray and chest CT (all patients), F-18 FDG-PET (PET) (n = 10), or F-18 FDG-PET/CT (PET/CT) (n = 21) were performed before I-131 treatment, and 4) follow-up for 2 y or more in patients who did not experience disease progression. Therefore, 47 patients were selected. Among them, the following 16 patients were excluded. 1) patients with metastasis to other than the regional lymph nodes or lung, 2) patients with other coexisting primary malignancy, and 3) patients with active inflammatory lung disease (which can cause false-positive I-131 uptake) at the time of I-131 treatment. Finally, a total of 31 patients were analyzed in the present study. Our study protocol was approved by our Institutional Review Board (IRB No.: K-1511-002-003).
Diagnosis of Lung Metastasis
The diagnosis of lung metastasis was based on one or more following imaging or histopathological findings: 1) chest Xray or chest CT, 2) PET or PET/CT, 3) I-131 lung uptake in diagnostic or therapeutic I-131 whole-body scans (WBSs), or 4) pathological confirmation of lung metastasis (n = 2). Lung metastasis was diagnosed initially in 13 patients and during follow-up in the remaining 18 patients.
Image Analysis
Based on the chest CT, we divided 31 patients into macronodular lung metastasis (largest nodule ≥1.0 cm in diameter) and micronodular lung metastasis (largest nodule <1.0 cm in diameter) groups. The F-18 FDG avidity for metastatic lung nodules was assessed by using PET or PET/CT. Any lung nodule showing F-18 FDG uptake higher than adjacent normal lung parenchyma was considered to be F-18 FDG-avid lung metastasis. F-18 FDG avid lung metastases were further divided into two groups: 1) increased F-18 FDG uptake on all discernable lung nodules on chest CT (FDG all-avid lung metastasis) and 2) increased F-18 FDG uptake in parts of discernable lung nodules on chest CT (FDG partial-avid lung metastasis). As for WBS, lung uptake was divided into three groups: 1) no abnormal uptake (I-131 non-avid), 2) diffuse increased uptake, and 3) focal increased uptake [5] . PET was performed using an ECAT EXACT HR+ PET scanner (CTI/Siemens, Knoxville, TN, USA), and PET/ CT was performed using a Discovery PET/CT scanner (Discovery LS; GE Medical Systems, Milwaukee, WI, USA) or a Biographs 6 PET/CT scanner (Biograph6; SiemensMedical Solutions, Malvern, PA, USA). PET, PET/ CT, and WBS were visually analyzed by two experienced nuclear medicine physicians in consensus. Quantitative analysis was not performed for PET, PET/CT, or WBS.
Treatment and Follow-Up Protocol
All patients were treated with a high fixed dose of I-131 (> 180 mCi). I-131 treatment was repeated until I-131 lung uptake disappeared after an interval of 12 months. Before I-131 treatment, thyroxin was withdrawn for 5-6 weeks to stimulate thyroid stimulating hormone. After 2 days of I-131 treatment, WBS was performed. Patients were followed up every 3 to 6 months and additional imaging studies (chest X-ray, chest CT, PET or PET/CT, and diagnostic WBS) were performed every 6 to 12 months [11] .
Definition of Progression-Free Survival
During follow up, progression of disease (PD) was defined as 1) an increase of lung nodule size ≥5 mm based on chest CT or PET/CT or 2) newly diagnosed lung metastasis on imaging modalities or histopathological finding. We defined progression-free survival (PFS) as the time from the diagnosis of lung metastasis until the identification of PD [11] .
Statistical Analysis
Categorical variables are shown as numbers and percentages, and continuous variables are shown as means with standard deviations or median values with a range. Student's t-test was used to compare continuous variables and a chi-square or Fisher's exact test was used to estimate the differences between groups. The Kaplan-Meier method was performed to generate survival curves, and log-rank tests were used to evaluate differences in survival curves between groups. The Cox proportional hazard model was conducted to assess the association of related prognostic factors with progression-free survival (PFS). The hazard ratio (HR), 95% confidence interval (CI), and p-value were reported. All reported p-values are two-sided, and p-values <0.1 were defined as significant because only a small number of patients were included in the present study [12] . All statistical analyses were performed using MedCalc version 17.8.1 (MedCalc Software, Belgium).
Results
Patient Characteristics
The clinicopathological characteristics, image findings and follow-up results of all patients included in this study are detailed in Table 1 and the characteristics according to the progression of disease are summarized in Table 2 . Of the 31 patients, 11 (35%) had disease progression during follow-up. The mean age at diagnosis of lung metastasis was 52.7 years (range, 17-74 years). Thirty patients were diagnosed with papillary thyroid carcinoma of a primary lesion, and only one patient was diagnosed with follicular thyroid carcinoma. Lung metastasis was confirmed in two patients by a histopathological method and in 29 patients by an imaging method. Out of 31 patients, seven (23%) had macronodular lung metastasis, and 26 of 31 patients (84%) had F-18 FDG avid lung metastasis. Subgroup analysis was performed on 26 patients. Among them, 11 patients (42%) showed I-131 avid lung metastasis and 15 patients (58%) showed I-131 non-avid lung metastasis. In addition, 13 patients (50%) had FDG all-avid lung metastasis and another 13 patients (50%) had FDG partial-avid lung metastasis. Out of 31 patients, 16 (52%) had I-131 avid lung metastasis. Of these 16 patients, 11 patients (69%) had FDG avid lung metastasis and five patients (31%) had FDG non-avid lung metastasis. In addition, eight patients had diffusely increased I-131 lung uptake and eight patients had focally increased I-131 lung uptake, respectively.
The size of the primary thyroid tumors was significantly greater in the PD group (5.5 ± 2.6 cm) than in the non-PD group (2.1 ± 1.6 cm, p = 0.016). The PD group (4 times, IQR: 4-7.5 times) received significantly more I-131 treatment than the non-PD group (3 times, IQR: 3-4 times, p = 0.027). The cumulative I-131 treatment dose was higher in the PD group than in the non-PD group (800 mCi vs. 600 mCi, p = 0.016). The PD group had significantly more macronodular lung metastasis (45% vs. 10%, p = 0.067) and less I-131 avid lung metastasis (27% vs. 65%, p = 0.066) than the non-PD group. There were no significant differences in age, sex, the proportion of lung metastasis at diagnosis, or F-18 FDG avid lung metastasis between the two groups.
Progression-Free Survival of Lung Metastasis
The median follow-up period of the patients was 9.4 years (range, 2.3-15.9 years). Median PFS time was 6.1 years (range, 0.9-14.3 years) and the 5-year and 10-year PFS rates were 69.9% and 61.1%, respectively. Patients with macronodular lung metastasis (n = 7) showed significantly worse outcomes than patients with micronodular lung metastasis (n = 24) ( Fig. 1a ; p = 0.017, by a log-rank test). The 5-year and 10-year PFS rates were 43% and 21%, respectively, for macronodular lung metastasis and 78% and 72%, respectively, for micronodular lung metastasis.
Patients with F-18 FDG non-avid lung metastasis (n = 5) had no progression of disease during the followup period. On the contrary, 11 of 26 patients with F-18 FDG avid lung metastasis (n = 26) experienced progression of disease ( Fig. 1b ; p = 0.135, by a log-rank test). The 5-year and 10-year PFS rates were both 100% for FDG non-avid lung metastasis and 65% and 55%, respectively, for FDG avid lung metastasis. In addition, we further divided 31 patients into four groups according to the FDG avidity and size of lung metastasis: 1) FDG avid macronodular lung metastasis (n = 7), 2) FDG avid micronodular lung metastasis (n = 19), 3) FDG non-avid macronodular lung metastasis (n = 0), and 4) FDG nonavid micronodular lung metastasis (n = 5). The 5-year/10-year PFS rates were 43%/21%, 73%/66%, and 100%/ 100% for each group 1, 2, and 4, respectively.
Patients with I-131 non-avid lung metastasis (n = 15) had significantly worse outcomes than patients with I-131 avid lung metastasis (n = 16) ( Fig. 1c ; p = 0.059, by a log-rank test). The 5-year and 10-year PFS rates were 53% and 46%, respectively, for I-131 non-avid lung metastasis and 86% and 75%, respectively, for I-131 avid lung metastasis. When the I-131 uptake pattern for lung metastasis was further subdivided into focal (n = 8), diffuse (n = 8), and non-avid patterns (n = 15), patients with diffuse or focal uptake patterns showed similar outcomes ( Fig. 1d ; p = 0.157, by a log-rank test).
Patients with I-131 avid lung metastases were further analyzed for survival by F-18 FDG avid and F-18 FDG non-avid status. The 5-year and 10-year PFS rates were both 100% for the F-18 FDG non-avid group and 81% and 67%, respectively, for F-18 FDG avid group (Fig. 2a, p = 0.290, by a log-rank test) . Likewise, patients with F-18 FDG avid lung metastases were again subjected to survival analysis according to I-131 avid and I-131 nonavid status. The 5-year and 10-year PFS rates were 53% and 46%, respectively, for I-131 non-avid group and 81% and 67%, respectively, for I-131 avid group (Fig. 2b , p = (Table 3) . 
Discussion
We found that patients with lung-only metastasis from DTC had poor outcomes when they had macronodular, F-18 FDG avid, and I-131 non-avid lung metastasis. As far as we know, this is the largest study on the prognostic values of imaging parameters including radiography, PET or PET/CT, and WBS in DTC with lung-only metastasis.
In the present study, larger lesion size and I-131 non-avid lung metastasis were associated with patient outcomes, which is consistent with previous studies [5, 6, 11] . Pacini et al. reported that patients with I-131 avid lung and bone metastasis a b Fig. 3 Whole body images after I-131 treatment for lung metastasis and a series of changes in FDG-PET/CT. a Multiple nodules were detected on FDG-PET/CT in a 47-year-old male patient. FDG uptake was not observed in these lesions, and histological examination revealed metastatic papillary carcinoma. Diffuse lung uptake was observed in the whole body scan. b The patient underwent five treatment cycles of I-131 within 7 years (cumulative dose: 940 mCi). The patient has been followed for 10 years, and the number of metastatic lung nodules has decreased in FDG-PET/CT Fig. 2 a Progression-free survival according to F-18 FDG avidity in the I-131 avid group and b progression-free survival according to I-131 avidity in the F-18 FDG avid group that were not detected by radiography had better outcomes than those with I-131 non-avid or radiography-detected lung and bone metastasis [13] . The expression of the sodiumiodide symporter (NIS) has been reported to be crucial for I-131 to concentrate in thyroid cancer cells. The dedifferentiation of DTC induces the down regulation of NIS genes, which results in I-131 non-avidity and a decreased therapeutic response [14] . In addition, the relatively short range of the β-particle of I-131 in tissue (0.08-2.3 mm) may be associated with a decreased therapeutic response in macronodular lung metastasis [15] . Recently, Kim et al. has shown that the size of the metastatic lesion is the most important prognostic factor in patients with lung only metastasis from DTC [11] . However, they did not include F-18 FDG-PET in their study. In the a b Fig. 4 Whole body images after I-131 treatment for lung metastasis and a series of changes in FDG-PET/CT. a A micronodule was detected on FDG-PET/CT in a 47-year-old male patient. FDG uptake was not observed in this lesion. Histological examination revealed metastatic papillary carcinoma. The patient underwent I-131 treatment (200 mCi). Diffuse lung uptake was observed in the whole body scan. b The patient has been followed for 10 years, and the lesion of the lung has maintained without significant change in FDG-PET/ CT In this study, F-18 FDG non-avid lung metastasis was not statistically significantly associated with patient outcomes (p = 0.135). Nonetheless, patients with F-18 FDG non-avid lung metastasis did not experience PD while more than 40% of patients with F-18 FDG avid lesions experienced PD during the follow-up period. It has been reported that higher F-18 FDG uptake by a tumor is associated with poor prognosis in many types of cancers as well as DTC [16] [17] [18] . Kim et al. reported that GLUT-1 gene expression was higher in lessdifferentiated papillary thyroid cancer compared to welldifferentiated papillary thyroid cancer [19] . Dedifferentiated thyroid cancer cells are known to be less I-131 avid and therefore refractory to I-131 treatment. As mentioned above, dedifferentiated thyroid cancer cells show high F-18 FDG uptake and low iodine uptake, which is known as the Bflipflop phenomenon^ [15] . In addition, patients with FDG nonavid micronodular metastasis (n = 5) had a tendency to show a better prognosis than those with FDG avid micronodular lung metastasis (n = 19) in the current study (the 5-year and 10-year PFS rates of 100% and 100% vs. 73% and 66%, respectively). These findings indicate that the FDG avidity of lung metastasis may be useful for the prediction of prognosis in micronodular pulmonary metastasis; however, further study with a larger number of patients is needed to confirm these findings.
We included patients with lung-only metastasis from DTC because it had been reported that patients with lung plus other distant metastasis showed poor outcomes and required a different therapeutic strategy compared to those with lung-only metastasis [20] . Casara et al. reported that the 5-year survival rate of patients with lung-only metastasis and lung plus bone metastasis from DTC was 69% and 36%, respectively [2] . According to the American Thyroid Association guideline, I-131 avid lung metastasis should be treated with I-131 as long as the tumor cells concentrate I-131, because high rates of complete remission are reported in these patients. On the contrary, I-131 avid bone metastases are not usually curative with I-131, and therefore, surgery or external radiotherapy should be considered [20] .
Alternative therapeutic approaches are necessary for I-131 treatment-refractory lung metastasis from DTC because of I-131 induced lung and bone marrow toxicity. Clinical trials for I-131 refractory DTC have been performed by using redifferentiation therapy or targeted therapy. Oh et al. reported that about 21% of patients with I-131 refractory papillary thyroid cancer showed a response to combined therapy with I-131 and retinoic acid to induce the redifferentiation of thyroid cancer cells [21] . Recently, redifferentiation of advanced thyroid cancer with selumetinib, a mitogen-activated protein kinase inhibitor, resulted in clinically meaningful increases in I-131 uptake [22] . It also has been reported that sorafenib, an oral tyrosine kinase inhibitor, improved survival in patients with progressive I-131 refractory DTC [23] . To decide on treatment methods for lung-only metastasis from DTC, we need to be able to predict the response to I-131 therapy. If a poor response to I-131 is expected, alternative treatment (redifferentiation therapy or targeted therapy) is more suitable.
Based on our results, the prognosis of patients with lungonly metastasis from DTC might be predicted by using PET/ CT and WBS. These imaging parameters have the advantage of providing a non-invasive assessment for biological status of lung metastases (e.g., size, metabolic status, and I-131 avidity). In addition, multiple metastatic nodules that may have different biological characteristics can be accurately evaluated by using these imaging modalities.
The present study has several limitations. First, only a small number of patients were enrolled. Therefore, multivariate analysis for prognostic factors could not be performed. Further multicenter studies are required. Second, the followup period was relatively short, and thus overall survival analysis was not performed. Third, we did not perform a quantitative analysis. Wang et al. reported that metabolic tumor volume measured by F-18 FDG PET was significantly correlated with survival in thyroid cancer [24] . In the present study, however, an older dedicated PET scanner (HR+) that is not currently in use in our institution was used instead of a PET/CT scanner (Discovery or Biograph6) in ten of 31 patients. Hence, it was not possible to calibrate data between the machines for quantification. Fourth, we did not use biochemical parameters such as Tg in survival analysis. At the time of lung metastasis, Tg and Tg antibody values were measured immediately before RAI treatment, but there were five patients without Tg or Tg antibody test results and another four patients with positive Tg antibody test results. Thus, Tg analysis was not performed in this study due to the lack of data from these nine patients. Fifth, we did not perform a lesion-based analysis because the endpoint of this study was to evaluate the prognostic values of image findings.
Conclusion
Among patients with lung-only metastasis from DTC, those with macronodular and I-131 non-avid lung metastasis showed a poor prognosis. These imaging parameters might be helpful for treatment planning for the patients with lungonly metastasis from DTC. Although FDG avid lung metastasis may be associated with a poor prognosis, a larger-scale study is needed to validate the findings.
